Introduction thymocytes. Similar, although less severe, defects are found in pT␣-, CD3-, and TCR␤-deficient mice (MomThe T-cell antigen receptor (TCR)/CD3 complex plays a baerts et Malissen et al., 1993; Fehling et al., central role in T cell development and activation. T cells 1995) . can be divided into two subsets based on the structure
The important role of the TCR␤ chain in thymic develof their TCR. In the adult, most T cells express a TCR opment is evidenced by the observation that introducheterodimer consisting of ␣ and ␤ chains, whereas a tion of a productive TCR␤ transgene in RAG-deficient minor population expresses an alternative TCR conmice restores T cell maturation up to the DP stage (Shinsisting of ␥ and ␦ chains. Each of these four TCR chains kai et al., 1992a; Mombaerts et al., 1994) . The requireincludes a clonally variable (V) region. During intrathymic ment for TCR␤ chain expression in the progression to development, TCR V regions are assembled via a series the DP stage can be overcome in RAG-deficient mice of site-specific DNA recombinations. For instance, ␤ by injection of anti-CD3⑀ monoclonal antibodies (MAbs) chain V genes are formed through random recombina- (Shinkai and Alt, 1994) . Therefore, under physiological tion of single elements from among three discrete librarconditions, the pre-TCR complex is likely to signal via ies of gene segments, denoted variable (V␤), diversity its CD3 subunit. Activation of the protein tyrosine kinase (D␤), and joining (J␤). Similarly, ␣ chain V genes are Lck is implicated in signaling through the pre-TCR, since assembled randomly from V␣ and J␣ libraries of gene mice lacking Lck (Molina et al., 1992) or expressing a segments.
kinase-defective lck transgene (Levin et al., 1993) exhibit Most ␣␤ T lymphocytes undergo differentiation and a defect in early T cell development similar to that seen maturation within the thymus, where the stages of thyin TCR␤-and pT␣-deficient mice. Lck phosphorylates mocyte development correlate well with the expression tyrosine residues within the immune tyrosine activation motifs (ITAMs) of CD3 chains (Cantrell, 1996) . Once pattern of CD4 and CD8 coreceptor molecules. The most phosphorylated, ITAMs recruit ZAP-70 to the activated immature thymocytes reside in the CD4 Ϫ 8 Ϫ double-negreceptor through a high-affinity interaction that involves ative (DN) population, which makes up only 2%-4% of both src homology 2 (SH2) domains of ZAP-70 (da Silva et al., 1997b) . This facilitates subsequent phosphorylation and activation of ZAP-70 by Lck or Fyn. One of the ‡ To whom correspondence should be addressed. substrates of activated ZAP-70 is the adaptor protein By virtue of its interaction with Vav and Grb2, SLP-76 may be coupled to important pathways in T cell acti-SLP-76 (SH2 domain containing leukocyte protein with relative molecular mass of 76 kDa) (Wardenburg et al., vation. Vav was shown to act in a phosphotyrosinedependent manner as a guanine nucleotide exchange 1996; da Silva et al., 1997a; Raab et al., 1997) . SLP-76 was originally identified as a molecule that undergoes factor (GEF) for the Rac-1 GTPase that activates the JNK (Jun amino-terminal kinase) pathway (Crespo et al., rapid tyrosine phosphorylation following ligation of the TCR and associates with Grb2 (Jackman et al., 1995 . Vav plays a critical role in T cell development and activation. Vav-deficient mice have impaired T cell Sequence analysis of SLP-76 reveals three domains: (1) an N-terminal acidic region with several tyrosine residevelopment with defective TCR signaling (Tarakhovsky et al., 1995; Zhang et al., 1995; Turner et al., 1997) , and dues within consensus motifs for SH2 binding, which in its phosphorylated state binds Vav (Tuosto et al., 1996) ; overexpression of Vav in T cells leads to basal activation of NFAT and IL-2 transcriptional activity . (2) a central proline-rich region that binds SH3 domain of Grb2; and (3) a C-terminal SH2 domain that interacts SLP-76 may be coupled through Grb2 and Sos to the Ras/mitogen-activated kinase (MAPK)/extracellular sigwith the Fyn-binding protein also known as a SLP-76-associated phosphoprotein of 130 kDa (FYB or SLAPnal-regulated kinase (ERK) cascade, which also plays a critical role in T cell development and activation (Can-130) (da Silva et al., 1997a; Musci et al., 1997) and other proteins, yet to be identified, that include a Ser/Thr kitrell, 1996; Crompton et al., 1996) . This is demonstrated by the observation that introduction of a gene coding nase and a 62 kDa protein (Koretzky, 1997) . SLP-76 is expressed in T cells and in myeloid cells (Jackman et for activated Ras drives the transition from DN to DP cells in RAG-2-deficient mice (Swat et al., 1996) and that al., 1995; Robinson et al., 1996) . Overexpression of SLP-76 results in marked augmentation of TCR-stimulated antigen-unresponsive anergic T cells have a block in the Ras/MAPK/ERK pathway and fail to produce IL-2 interleukin-2 (IL-2) and NFAT (nuclear factor of activated T cells) promoter activity and in increased TCR-stimu- (Fields et al., 1996) . Thus, SLP-76 may function as an adaptor molecule linking the TCR, through Lck and ZAPlated IL-2 production , suggesting that SLP-76 plays an important role in linking proximal 70, to the activation of the JNK and Ras pathways.
In an effort to understand the role of SLP-76 in T TCR signaling to distal events in T cell activation. cell development and function, we have generated mice homozygous mutants (SLP-76 Ϫ/Ϫ ) ( Figure 1C ). Disruption of the SLP-76 gene was confirmed by demonstrathomozygous for targeted disruption of the SLP-76 gene. SLP-76-deficient mice had a profound block in thymic ing that thymocytes from SLP-76 deficient mice, in contrast to CD25 ϩ thymocytes from SLP-76 ϩ/Ϫ littermates, development with complete absence of DP cells. In contrast to RAG-and TCR␤-deficient mice, the block in the have no detectable SLP-76 protein ( Figure 1D ). This suggests that the engineered deletion blocks SLP-76 transition from DN to DP thymocytes in SLP-76-deficient mice could not be overcome by in vivo treatment with expression and can therefore be considered a null mutation. anti-CD3⑀ MAb. These results indicate that SLP-76 collects all pre-TCR signals that drive the development and At birth, SLP-76 Ϫ/Ϫ pups showed subcutaneous bleeding. A large number of these pups died shortly (within expansion of DP thymocytes. a week) after birth. 
Generation of SLP-76-Deficient Mice
The exon in the SLP-76 gene that contains the translawere found on autopsy to have bleeding in the peritoneum. Analysis of blood from SLP-76 Ϫ/Ϫ mice showed tion initiation codon was replaced by a neomycin resistance gene in embryonic stem (ES) cells ( Figure 1A ). some decrease in platelet numbers (30%-40%), compared to SLP-76 ϩ/Ϫ and WT littermates, which is consisThree such targeted clones ( Figure 1B ) were used to establish mouse strains carrying the mutation. Heterozytent with reported expression of SLP-76 in platelets (Robinson et al., 1996) . Although SLP-76 is normally gous mice (SLP-76 ϩ/Ϫ ) were intercrossed to generate expressed in other myeloid cells (Jackman et al., 1995) , analysis of blood from SLP-76 Ϫ/Ϫ mice revealed no overt defects in the number of monocytes and granulocytes, as well as in blood clotting and erythrocyte maturation (data not shown).
T Cell Development in SLP-76-Deficient Mice Is Arrested at the DN Stage
The size and cellularity of the thymus were normal in SLP-76 ϩ/Ϫ mice. The thymus of SLP-76 Ϫ/Ϫ mice was dramatically reduced in size, resembling that of RAGdeficient mice, and its cellularity was severely reduced to ‫%1ف‬ of that of heterozygous littermates. There were 1.2 Ϯ 0.5 ϫ 10 6 thymocytes (counted as described in Experimental Procedures) in the thymus of SLP-76
mice, compared to 156 Ϯ 43 ϫ 10 6 thymocytes in SLP-76 ϩ/Ϫ littermates (n ϭ 4 for each group).
SLP-76 Ϫ/Ϫ mice had no detectable CD4 ϩ CD8 ϩ DP, CD4 ϩ 8 Ϫ SP, or CD4 Ϫ 8 ϩ SP thymocytes by flow cytometry ( Figure 2A , upper panel).
Ϫ DN thymocytes were present in SLP-76 for the expression of CD25 and CD44, which is used to define four developmental stages of thymocytes (CD25
Ϫ
The proportion of thymocytes that express ␥␦TCR was Godfrey et al., 1993) , showed a relative increase of the 76 ϩ/Ϫ littermates: 3% versus 0.5% ( Figure 4B ; data not CD25 ϩ
CD44
Ϫ population, whereas CD25 Ϫ CD44 Ϫ cells, shown). However, the absolute number of ␥␦TCR ϩ thythe most mature among DN T cell progenitors, were mocytes was considerably less in SLP-76 Ϫ/Ϫ mice than almost undetectable ( Figure 2C ). These results indicate in SLP-76 ϩ/Ϫ controls (0.034 Ϯ 0.012 ϫ 10 6 versus 0.52 Ϯ that thymocyte development in SLP-76 Ϫ/Ϫ mice does 0.11 ϫ 10 6 ). These results suggest that development of not proceed beyond the CD25 ϩ 44 Ϫ stage. ␥␦ T cells is blocked in SLP-76-deficient mice. Consis-TCR␤ rearrangement normally occurs at the CD25 ϩ tent with such a block is the finding that CD3 ϩ ␥␦TCR ϩ CD44 Ϫ stage (Shortman and Wu, 1996) . To evaluate the cells were undetectable in spleens of SLP-76 Ϫ/Ϫ mice impact of SLP-76 deficiency on TCR␤ rearrangements, ( Figure 4C ). we performed a DNA-PCR assay, using PCR primers for either D␤1 or V␤14 in combination with a J␤ primer Anti-CD3 MAb Fails to Drive the Transition from 3Ј of Jb1.2 (Gu et al., 1997) . Figure 3 shows that both DN to DP Cells in SLP-76-Deficient Mice TCR␤ D-J and V-D-J rearrangements were detectable Antibodies to CD3 induce DN thymocytes to differentiin thymic DNA of SLP-76 Ϫ/Ϫ mice. As expected, the ate into DP cells. This response does not require surface TCR␤ locus was not rearranged in control RAG-2 Ϫ/Ϫ expression of TCR␤ or pT␣ chains (Levelt et al., 1993; thymocytes. These findings indicate that SLP-76 is not Shinkai and Alt, 1994) and is dependent on transduction essential for TCR␤ rearrangement and suggest that SLPof signals by Lck and Ras because introduction of 76 Ϫ/Ϫ mice may assemble a pre-TCR. Indeed, a small transgenes that encode for constitutively active forms proportion (4%) of thymocytes from SLP-76 Ϫ/Ϫ mice of Lck or Ras in RAG-2 Ϫ/Ϫ and pT␣ Ϫ/Ϫ mice induces the showed low expression of both CD3⑀ and TCR␤ (Figure transition from DN to DP cells (Swat et al., 1996; Fehling 4A) . As expected, expression of TCR␤ and CD3⑀ was et al., 1997) . We injected SLP-76 Ϫ/Ϫ mice intraperitoneundetectable on thymocytes from RAG-2 Ϫ/Ϫ mice. Really with the anti-CD3⑀ mAb 2C11 and examined the arrangement of the TCR␤ locus and surface expression expression of CD4 and CD8 on thymocytes 6 days folof TCR␤ and CD3⑀ in SLP-76 Ϫ/Ϫ thymocytes argue that lowing injection. As expected, anti-CD3⑀ induced diftheir developmental arrest at the DN stage was not due ferentiation and expansion of DP thymocytes when into failure to express a TCR␤/CD3⑀-containing pre-TCR complex.
jected in RAG-2 Ϫ/Ϫ controls ( Figure 5A ). The total number in the DN population of RAG-2 Ϫ/Ϫ thymocytes, whereas the response in SLP-76 Ϫ/Ϫ mice was less pronounced. mice had normal expression of B220, sIgM, and sIgD ( Figure 7B Figure 6A shows that SLP-76 Ϫ/Ϫ mice have normal numbers of cells that express the organs in these mice is normal except for bleeding, suggesting that bleeding in vital organs may be respon-
The block in differentiation of DP thymocytes in SLP-76 Ϫ/Ϫ mice is complete and matches in severity that sible for the early death of SLP-76 Ϫ/Ϫ mice. Whether the hemorrhaging in SLP-76 Ϫ/Ϫ pups results from platelet observed in RAG-1/2-or CD3⑀-deficient mice, which fail to express a pre-TCR. In contrast, mice deficient in TCR␤ dysfunction or has another cause is unknown. Syk Ϫ/Ϫ mice (Cheng et al., 1995; Turner et al., 1995) , but not (Mombaerts et al., 1992a) , pT␣ (Fehling et al., 1995) , Lck (Molina et al., 1992) , and ZAP-70 (Negishi et al., 1995) 
ZAP-70
Ϫ/Ϫ mice (Negishi et al., 1995) , have impaired viability and hemorrhaging. This suggests that a pathhave variable but incomplete blocks in the differentiation of DP thymocytes. The incomplete block in development way involving Syk and SLP-76 is important in preventing hemorrhaging and for normal survival.
of DP thymocytes in Lck-deficient mice is likely due to the fact that Lck function is partly redundant with that Thymocytes from mice that lack SLP-76 had a complete block in the transition from the DN to the DP stage.
of other PTKs, particularly Fyn. This was first suggested by the observation that introduction of a transgene enMore specifically, thymocyte development was arrested at the CD25 ϩ CD44 Ϫ DN stage at which TCR␤ rearrangecoding for an inactive Lck mutant into WT mice caused a more complete block in the development of DP thymoment occurs, the pre-TCR is assembled, and signals delivered through the pre-TCR induce the differentiation cytes than targeted disruption of lck, possibly because it competed with other PTKs for substrate binding (Levin and expansion of DP cells. The block in thymocyte development in SLP-76 Ϫ/Ϫ mice was not due to lack of et al., 1993) . Fyn deficiency has no appreciable effect on the development of DP cells, although it severely expression of the pre-TCR, as TCR␤ rearrangement proceeded in these mice and their thymocytes expressed impairs the development of SP cells (Appleby et al., 1992; Stein et al., 1992) . However, mice doubly deficient both the TCR␤ and CD3⑀ components of the pre-TCR. This strongly suggests that SLP-76 is critical for prein Lck and Fyn have complete arrest in the development of DP cells, similar to the one we observe in SLP-76-TCR signaling that drives the progression of thymocytes from the DN to the DP stage. deficient mice (Groves et al., 1996; van Oers et al., 1996) . Moreover, introduction of a gain-of-function fyn transgene in Lck-deficient mice completely restores the production of DP thymocytes (Groves et al., 1996) . Thus, Lck and Fyn have overlapping functions in signaling from the pre-TCR. Deficiency of ZAP-70 does not affect the development of DP thymocytes, although it impairs the development of SP cells in mice (Negishi et al., 1995) and of CD8 ϩ SP cells in humans (Arpaia et al., 1994) . Deficiency of the ZAP-70-related kinase Syk has no effect on the de- functions in signaling from the pre-TCR and in the maturation of DN thymocytes into DP cells. SLP-76 is a substrate for both ZAP-70 and Syk kinases. A likely explanaexpansion and/or migration of these cells are transduced through SLP-76. tion for the complete block in the transition from DN to DP cells in SLP-76-deficient mice is that all pre-TCR A most important finding is the inability of anti-CD3⑀ treatment to overcome the thymocyte developmental signals that drive the maturation of DN thymocytes into DP thymocytes converge on SLP-76.
block in SLP-76-deficient mice. This observation supports the critical and indispensable role of SLP-76 in Although it has not been previously investigated whether ␥␦ T cells express SLP-76, deficiency in this pre-TCR signaling. Anti-CD3⑀ causes efficient maturation and expansion of DP cells in RAG-and TCR␤-defiadaptor protein resulted in severe reduction of the number of ␥␦TCR ϩ thymocytes and in the absence of ␥␦ T cient mice, with Ͼ10-fold increase in cell number with Ͼ90% of thymocytes becoming DP cells. In contrast, in cells in the spleen. This suggests that signals regulating SLP-76-deficient mice treated with anti-CD3⑀, the numbetween the structure and function of the TCR and BCR, one would expect B cells to express an adaptor moleber of thymocytes remained practically unchanged, and less than 10% of the thymocytes became DP cells. The cule analogous to SLP-76. Recent data indicate that B cells express SLP-76-related molecules that undergo resistance of the block in the transition from DN to DP cells in SLP-76-deficient mice is more severe than the intense tyrosine phosphorylation following ligation of the BCR and that associate with Grb2 (Fu and Chan, one in Lck-deficient mice. In Lck-deficient mice, treatment with anti-CD3⑀ causes an ‫-5ف‬fold increase in cell 1997) .
Although the adaptor molecule SLP-76 is expressed number, with ‫%06ف‬ of thymocytes becoming DP cells (Levelt et al., 1995) . It is unlikely that the failure of antiin T lymphocytes and myeloid cells, its disruption selectively and severely impairs T cell development. This is CD3 to cause maturation of DP cells in SLP-76-deficient mice was due to induction of apoptosis, because antiprobably because thymocyte maturation requires signaling via the pre-TCR that is absolutely dependent on CD3⑀-mediated apoptosis is thought to depend on DP and SP thymocytes, which were completely lacking in the adaptor SLP-76 to relay signals from PTKs activated by the pre-TCR to downstream signaling cascades. Ex-SLP-76-deficient mice.
TCR␤ allelic exclusion is dependent on signaling via amination of the function of neutrophils, monocytes, and platelets in SLP-76-deficient mice and of T cell function the CD3 subunit of the pre-TCR (Ardouin et al., 1998) . However, allelic exclusion of the TCR␤ locus is not comin mice with conditional disruption of the SLP-76 gene will establish whether SLP-76 functions differently in pletely compromised in Lck-deficient mice (Wallace et al., 1995) , suggesting that pre-TCR signals other than mature T and myeloid cells. those initiated by Lck are critical. Given the severity of the thymic maturation block in SLP-76-deficient mice,
Experimental Procedures
it would be of interest to investigate TCR␤ allelic exclusion in these mice by examining the effect of introduc- (1995) . Syk tyrosine kinase required for mouse viability and B-cell development. Nature 378, 303-306. tive Diagnostics) and were found to be Ͼ90% CD25 ϩ by flow cytometry.
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Antibodies and Flow Cytometry Analysis
Acad. Sci. USA 94, 9797-9801. Streptavidin-CY-Chrome, streptavidin-PE, and mAbs to the following mouse antigens were purchased from PharMingen: CD3⑀, 145-Crespo, P., Schuebel, K.E., Ostrom, A.A., Gutkind, J.S., and Bustelo, 2C11; CD4, L3T4; CD8␣, 53-6.7; CD25, 7D4; CD44, IM7; Thy1.2, 53-X.R. (1997) . Phosphotyrosine-dependent activation of Rac-1 GDP/ 2.1; Mac1, M1/70; Gr-1, RB6-8C5; B220, RA3-6B2; CD43, S7; CD40, GTP exchange by the vav proto-oncogene product. Nature 385, 169-172. 3/23; IgM, II/41; IgD, 11-26c.2a; ␥␦TCR, GL3; and TCR␤, H57-597. Anti-CD25 mAbs (clone 3C7) conjugated with phycoerythrin were Crompton, T., Gilmour, K.C., and Owen, M.J. (1996) . The MAP kinase purchased from Sigma. Single-cell suspensions from thymus and pathway controls differentiation from double-negative to doublespleen were prepared by compression of lymphoid organs between positive thymocyte. Cell 86, 243-251. ground glass slides, followed by centrifugation on density gradient da Silva, A.J., Li, Z., de Vera, C., Canto, E., Findell, P., and Rudd, of Lympholyte-M (Cedarlane). Total cell numbers were determined C.E. (1997a). Cloning of a novel T-cell protein FYB that binds FYN by counting cells using hemacytometer following centrifugation.
and SH2-domain-containing leukocyte protein 76 and modulates Cells were stained and analyzed on a FACSCalibur flow cytometer interleukin 2 production. Proc. Natl. Acad. Sci. USA 94, 7493-7498. (Becton Dickinson) as previously described (Hollander et al., 1996) . da Silva, A.J., Raab, M., Li, Z., and Rudd, C.E. (1997b) . TcR zeta/ Data on 5-20 ϫ 10 5 viable nonerythroid cells (as determined by CD3 signal transduction in T-cells: downstream signaling via ZAPforward versus side scatter) were collected for each sample. FACS 70, SLP-76 and FYB. Biochem. Soc. Trans. 25, 361-366. analysis was performed on cells from groups of at least three mice Fehling, H.J., Krotkova, A., Saint-Ruf, C., and von Boehmer, H. aged 2-4 weeks. The absolute cell numbers were calculated by (1995) . Crucial role of the pre-T-cell receptor ␣ gene in development multiplying the absolute frequency of each subset by the total cell of ␣␤ but not ␥␦ T cells. Nature 375, 795-798. count as determined above.
Fehling, H.J., Iritani, B.M., Krotkova, A., Forbush, K.A., Laplace, K., Perlmutter, R., and von Boehmer, H. (1997) . Restoration of thymo-PCR Analysis of V(D)J Rearrangement poiesis in pT␣Ϫ/Ϫ mice by anti-CD3⑀ antibody treatment or with The PCR primers and conditions for detecting D␤1-J␤1.1 and D␤1-transgenes encoding activated LCK or tailless pT␣. Immunity 6, J␤.2 TCR and for amplifying GAPDH were as described previously 703-714. (Gu et al., 1997) . Two hundred nanograms of SLP-76 ϩ/Ϫ (one sample Fields, P.E., Gajewsky, T.F., and Fitch, F.W. (1996) . Blocked Ras diluted 1:10 and 1:100), 400 ng of SLP-76 Ϫ/Ϫ , and RAG-2 Ϫ/Ϫ thymus activation in anergic CD4 ϩ T cells. Science 50, 1276-1278. DNA was assayed for TCR␤ rearrangement. For detection of V␤14-Fu, C., and Chan, A.C. (1997) . Identification of two tyrosine phospho-D␤1J␤1.1 and V␤14-D␤1J␤1.2 rearrangements, a V␤14 5Ј oligonuproteins, pp70 and pp68, which interact with phospholipase C-␥, cleotide (5Ј-ACCCTCCAGCAACTCTTC-3Ј) and the 3Ј J␤1.2 oligonuGrb2, and Vav after B cell antigen receptor activation. J. Biol. Chem. cleotide described in Gu et al. (1997) were used under the following 272, 27362-27368. PCR conditions: preheat 3 min at 94ЊC, then 94ЊC, 1.5 min, 60ЊC, 2.5 Godfrey, D.I., Kennedy, J., Suda, T., and Zlotnik, A. (1993) . A develmin, 72ЊC, 1 min, for 35 cycles with 10 min polishing step. Amplified opmental pathway involving four phenotypically and functionally products were separated on a 1.1% Tris-buffered agarose gel, transdistinct subsets of CD3 Ϫ CD4 Ϫ CD8 Ϫ triple-negative adult mouse thyferred onto a Zeta-probe membrane (Bio-Rad Laboratories), and hymocytes defined by CD44 and CD25 expression. J. Immunol. 150, bridized with the J␤2 probe 5Ј-AAAGCCTGGTCCCTGAGCCGA-3Ј 4244-4253. for D␤-J␤ and V␤-D␤J␤ rearrangements or a rat GAPDH cDNA probe for the DNA control sample (Gu et al., 1997) .
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